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Na+/K+-ATPaseThis study investigated the potentially detrimental effects of copper and elevated aquatic CO2 (hypercarbia),
alone or in combination, on pacu, Piaractus mesopotamicus. Fish were exposed for 48 h to control (no copper
addition in normocarbia), to 400 μg Cu2+L−1, to hypercarbic (1% CO2; PCO2=6.9 mm Hg) water and to
400 μg Cu2+L−1+hypercarbia. In liver the single factors caused an increase in lipid hydroperoxide concen-
tration that was not observed when the factors were combined. Copper exposure elicited increased hepatic
superoxide dismutase activity, irrespective of aquatic CO2 level. On the other hand, the effects of copper on
hepatic glutathione peroxidase activity were dependent on water CO2 levels. The two stressors combined
did not affect hepatic catalase activity. Hypercarbic water caused a decline in plasma glucose concentration,
but this was not observed when hypercarbia was combined with copper exposure. Copper caused a decrease
in branchial Na+/K+-ATPase activity that was independent of water CO2 level. Copper caused an increase in
branchial metallothionein concentration that was independent of water CO2 level. Thus, branchial
metallothionein and Na+/K+-ATPase were effective biomarkers of copper exposure that were not af-
fected by water CO2 level.
© 2012 Elsevier Inc. Open access under the Elsevier OA license. 1. Introduction
A range of compounds and environmental factors can inﬂuence
ﬁsh welfare in aquaculture. In recent decades implications of various
abiotic factors, e.g., dissolved oxygen and carbon dioxide, and the use
of chemicals in aquaculture, have been extensively studied in aqua-
culture. However, limited data are available on the effects of carbon
dioxide (CO2) on the biology, physiology and biochemistry of culti-
vated neotropical ﬁsh. In aquaculture systems CO2 may become a
limiting factor and an important health issue, mainly in intensiﬁed
production systems (Tort et al., 2011).xide dismutase; GSH-Px, gluta-
uP], copper plasma concentra-
hemoglobin; MCV, mean cell
; MT, metallothionein; NKA,
los, Department of Physiological
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e Elsevier OA license. The control of dissolved gas is a key component in preventing poor
water quality, especially in recirculating aquaculture systems—RAS
(Blancheton, 2000). Fish produce CO2, which is excreted across the
gills, as a normal outcome of aerobic metabolism. High CO2 concen-
trations (hypercarbia) frequently occur in aquaculture systems as a
result of high ﬁsh densities, low water exchange rates per ﬁsh bio-
mass and/or high dissolved oxygen concentration (Summerfelt et
al., 2000). Long-term hypercarbic exposures affect many ﬁsh species,
resulting in reduction of food intake and conversion (Smart, 1981),
weight gain and growth (Fivelstad et al., 2007), condition factor
(Fivelstad et al., 1998, 2003a, 2003b) and in nephrocalcinosis
(Hosfeld et al., 2008). Even short-term exposures can be stressful
for a number of ﬁsh species (Perry and Gilmour, 1996; Crocker et
al., 2000). Previous studies have demonstrated that hypercarbia can
also be associated with a transient increase in plasma cortisol and
hematocrit (Fivelstad, 1999).
In intensive aquaculture systems, constant monitoring of dissolved
CO2 and pH is highly recommended (EFSA, 2008). The upper CO2 limit
for salmonids in aquaculture systems ranges from 10 to 20 mg L−1
(Boyd, 1979; MacIntyre et al., 2008). According to Blancheton (2000),
the CO2 concentration in aquaculture tanks with juvenile and adult sea
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species are tolerant of much higher CO2 levels (Crocker and Cech, 1998;
McKenzie et al., 2002, 2003). According to Good et al. (2010) the deter-
mination of species-speciﬁc CO2 limits for aquaculture is complicated
by various factors inﬂuencing the toxicity of this gas. These factors in-
clude somemetals that could change their chemical speciation, becoming
more available to exert toxic effects at highwater CO2 levels (Fivelstad et
al., 2003a).
Another important environmental concern in aquaculture is the
regular use of copper sulfate (CuSO4). Copper is one of the most
widely used compounds as an algaecide and herbicide (Carbonell
and Tarazona, 1993), to control algal blooms and growth of undesired
organisms in aquaculture ponds. It is also used as a therapeutic agent
to control gill diseases caused by bacteria and a variety of parasites
(Straus and Tucker, 1993). Copper toxicity has been studied in
many ﬁsh species, and is inﬂuenced not only by the concentration
of the metal in the water, but also by various factors inﬂuencing its
bioavailability. Water physicochemical characteristics have a pro-
found inﬂuence on copper speciation and, therefore, bioavailability
for absorption by ﬁsh (Mazon and Fernandez, 1999; Sampaio et al.,
2008, 2010). According to a recent report of the São Paulo State Com-
pany of Technology on Environmental Sanitation, in most rivers the
dissolved copper concentration exceeds the limit established by the
Brazilian legislation. Ponds where copper sulfate was used as an
algaecide showed the highest percentage of non-compliance for
water copper concentration (CETESB, 2010).
The CO2 toxicity appears to depend on various factors. Thorarensen
and Farrell (2011) concluded that, in Atlantic salmon, Salmo salar, the
CO2 toxicity increases when O2 saturation is low. Fivelstad et al.
(2007) also concluded that this species is more sensitive to CO2 at
lower temperatures. There is also evidence that pH affects the CO2 tox-
icity either directly or indirectly through effects on the toxicity of metals
(Fivelstad et al., 2003b; Portz et al., 2006). Knowing that water physical
and chemical characteristics play a key role in copper speciation (Smith
et al., 2002) and copper toxicity (Mazon et al., 2002) it is useful to know
how increases in water CO2 concentration can affect copper sulfate
toxicity. Larsen et al. (1997) showed that Atlantic cod, Gadus morhua, ex-
posed to copper responded differentlywhen also exposed to hypercarbia.
However, little is known on the inﬂuence of hypercarbia on the toxicity of
copper to tropical ﬁshes.
This study investigated the effects of CO2 combined with copper
sulfate on pacu, Piaractus mesopotamicus, which is one of the main
farmed species in Brazilian aquaculture (MPA, 2010). The ability to
cope with environmental hypercarbia, alone or in combination with
copper exposure, was assessed in pacu over a period of 48 h through
the analysis of antioxidant defenses status, intermediary metabolites,
metallothionein concentration, Na+/K+–ATPase activity in the gills,
and a number of hematological variables.
2. Materials and methods
2.1. Fish and sample preparation
Juvenile specimens of Piaractus mesopotamicus were obtained from
Aquapeixe Aquaculture (Conchal, SP, Brazil) and maintained for two
months in holding tanks (1000 L) with ﬂow-through normoxic and
normocarbic water, at constant temperature (25±1 °C) and photoperi-
od (12:12 h light/dark). Fish were fed daily ad libitumwith commercial
dry pellets (38% crude protein). Food was withheld 48 h prior to
experimentation.
Groups of ﬁsh (n=10; m=40.2±1.1 g) were randomly taken from
the acclimation tanks and distributed in the experimental glass aquaria
(180 L; static system, 5 replicates for group control and 3 replicates for
groups Hyp, Cu and CuHyp). Fishwere exposed for 48 h to control (with-
out copper supply; normocarbicmedium=0.03% CO2≅0.21 mmHg) (C),
400 μg Cu2+ L−1 (Cu), to hypercarbic water (Hyp=1% CO2≅6.9 mmHg)(Hyp) and to 400 μg Cu2+ L−1+hypercarbic medium (Hyp=1%
CO2≅6.9 mm Hg) (CuHyp). The 48 h LC50 for copper is 2.37 mg
Cu2+ L−1 in P. mesopotamicus (Sampaio, 2008).
The copper agent used was CuSO4 ⋅5H2O (Labsynth®, Diadema,
SP, Brazil). A stock solution was prepared by dissolving 5.0 g of
CuSO4⋅5H2O in 1 L of distilled water and used to prepare the test so-
lution by diluting it in the water of the experimental aquaria to the
desired concentration. Hypercarbia was maintained with a CO2/air
certiﬁed gas mixture (1% CO2/99% air balance) prepared and deliv-
ered by White Martins Praxair Inc, with adjustments when required.
Within 2 h after the onset of equilibration, water PCO2 had increased
to a constant level of about 6.9 mm Hg (local BP=690 mm Hg). The
water CO2 content from percentage (%) to partial pressure (mm Hg)
was converted according to Florindo (2002) and Florindo et al.
(2004), based on the water pH, which was continuously monitored,
and the PCO2 calculated using the Åstrup method. The water pH
and the oxygen levels were continuously monitored during the toxic-
ity tests with a pH microelectrode connected to a pH-meter Quimis
Mod. 400A (Quimis Scientiﬁc Apparatus, São Paulo, SP, Brazil) and
with a FAC 001 O2 electrode housed in a thermostatted jacket and
connected to a FAC 204A O2 analyzer (FAC Electronics, São Carlos, SP,
Brazil) respectively. The water quality parameters in the aquariums
were measured at the beginning (n=5) and after the experimental
period (n=5). These variables were maintained constant and are
presented in Table 1. The water copper concentration was measured at
the beginning of the trials and after 48 h in both aquaria (Table 2). The
title of the experimental copper groups refers just to the nominal copper
concentration. The water copper concentrations were determined by
atomic absorption spectrophotometry (standard methods AA 6800)
and presented as μg copper L−1. The quantiﬁcation limit was around
0.05 μg L−1 and the detection limit around 0.017 μg L−1, both obtained
from the analytical curve.
At the end of the experimental period, ﬁsh were taken from the
aquaria and anesthetizedwith benzocaine at 0.01% (Labsynth, Diadema,
SP, Brazil). Bloodwas collected from caudal puncturewith a heparinized
needle and syringe (1 ml). Just after, ﬁsh were sacriﬁced by spinal cord
transection. Tissues (liver, red muscle, white muscle and gills) were col-
lected and washed with saline (0.9% NaCl), dried in ﬁlter paper, identi-
ﬁed and stored in a freezer at −80 °C. Spectrophotometric readings
were carried out in a Spectronic Genesys 5 (Milton Roy Company, PA,
USA) spectrophotometer. Microplate readings were performed with a
Dynex MRXTC 250 (Dynex Technologies Inc., UK). Centrifugations
were done with a Hermle-Z323K (Hermle LaborTechnik, Germany) re-
frigerated centrifuge.2.2. Oxidative metabolism
A ferrous oxidation-xylenol orange, FOX assay was used to deter-
mine lipid hydroperoxide (HP) as described by Jiang et al. (1991). HP
levels were detected spectrophotometrically at 560 nm, and shown
as nmol g−1 of tissue. The SOD (EC 1.15.1.1) activity measurement
was based on the ability of the enzyme to inhibit the reduction of
nitro blue tetrazolium (NBT) by superoxide radicals (Crouch et al.,
1981), which was generated by hydroxylamine 37.5 mM in an alka-
line solution (Otero et al., 1983). One unit of SOD was deﬁned as
the amount of protein needed to decrease the reference rate to 50 %
of maximum inhibition. The data were expressed in units of USOD
mg−1 of protein. GSH-Px (EC 1.11.1.9) activity was assayed by the
method from Mills (1959) and modiﬁed by Hafeman et al. (1974).
One unit of GSH-Px activity was deﬁned as 1 μg of GSH min−1.
GSH-Px was shown in nmol mg of protein−1. CAT (EC 1.11.1.6) activ-
ity was measured by the decrease in the H2O2 concentration for 15 s,
reading the absorbance at 240 nm according to Aebi (1974). The data
were shown as nmol mg of protein−1. All the analytical details were
previously described by Sampaio et al. (2008). The biological samples
Table 1
Initial (0 h), intermediary (24 h) and ﬁnal (48 h) water parameters of pH, dissolved oxygen (DO; mm Hg), temperature (T; °C), alkalinity (CaCO3; mg L−1), hardness (CaCO3;
mg L−1), Na+ (mEq L−1), K+ (mEq L−1) and ammonia (mEq L−1) in the water of different experiments at which pacus, Piaractus mesopotamicus, were exposed to copper-free
and normocarbia (C), 400 μg Cu2+ L−1 (Cu), hypercarbia (Hyp) and 400 μg Cu2+ L−1+Hyp (CuHyp) for 48 h.
Group Time pH DO T Alkalinity CaCO3 Hardness CaCO3 Na+ K+ Ammonia
(h) (mm Hg) (°C) (mg L−1) (mg L−1) (mEq L−1) (mEq L−1) (mEq L−1)
C 0 7.2 138 21.6 9.0 39.0 1.6 3.7 0.34
24 7.2 135 21.4 10.4 40.0 1.8 3.8 0.63
48 7.1 130 21.0 11.0 38.0 1.9 4.0 0.66
Cu 0 7.2 136 21.5 10.3 36.0 1.5 3.7 0.24
24 7.1 140 21.2 10.3 36.0 1.8 3.5 0.60
48 7.2 138 21.0 10.7 35.0 1.9 3.5 0.61
Hyp 0 6.5 128 21.0 10.1 36.0 1.4 3.2 0.26
24 6.6 127 21.0 10.5 38.0 1.8 3.6 0.48
48 6.5 130 21.3 10.9 37.0 1.7 3.7 0.77
CuHyp 0 6.5 130 21.0 10.3 37.0 1.6 3.4 0.24
24 6.5 132 21.5 11.3 33.0 1.7 3.6 0.46
48 6.5 128 21.2 11.1 33.0 1.8 3.7 0.60
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for each group is presented in Tables 3–5.
2.3. Hematological analyses
Blood and tissue samples were taken from six ﬁsh from each
experimental group. Plasma protein (PP) was determined by the
method of Bradford (1976) adapted to the microplate reader Dynex
MRXTC 250 as described by Kruger (1994), using bovine serum albu-
min (BSA) as reference. The copper plasma concentration ([CuP]) was
determined by atomic absorption spectrophotometry (standardmethods
AA 6800), and was presented as μg copper L−1. All the hematological
variables were evaluated according to the method of Jain (1986). The
hematocrit (Ht) was determined by the microhematocrit centrifugation
technique. The red blood cell count (RBC) was determined optically
using a Neubauer chamber. Hemoglobin (Hb) was determined by
Drabkin's reagent at an absorbance at 540 nm. Themean cell volume
(MCV) andmean cell hemoglobin concentration (MCHC)were comput-
ed from Ht, Hb and RBC.
2.4. Metallothionein concentration and Na+/K+-ATPase activity in the
gills
Metallothionein (MT) in the gills was determined by the concen-
tration of SH - groups according to Viarengo et al. (1997), using a
reduced glutathione standard (GSH). The concentration of MT was
quantiﬁed using Ellman's reagent containing NaCl 2 M, DTNB 0.43
in a phosphate buffer 0.2 M (pH 8.0), measured spectrophotometri-
cally, at 412 nm and presented as MT g tissue−1. The Na+/K+-ATPase
(NKA) (EC 3.6.1.3) activity was determined as described by Quabius
et al. (1997), and previously adapted to the studied species. In
short, the speciﬁc NKA activity was deﬁned as the difference between
the inorganic phosphate (Pi) release in a medium containing KCl
(5 mM) and a medium containing ouabain (2.5 mM). The Pi released
was quantiﬁed and the activity of the enzyme was expressed in μM Pi
mg protein−1 h−1. The absorbancewas read at 595 nmon amicroplate
reader Dynex MRXTC 250. All the analytical details were previously de-
scribed by Sampaio et al. (2008, 2010).Table 2
Initial (0 h) and ﬁnal (48 h) copper concentration (μg L−1) in thewater of different exper-
iments at which pacus, Piaractus mesopotamicus, were exposed to copper-free and
normocarbia (C), 400 μg Cu2+ L−1 (Cu), hypercarbia (Hyp) and 400 μg Cu2+ L−1+Hyp
(CuHyp) for 48 h. Values are mean±SD, n=3.
Copper (μg L−1) C Cu Hyp CuHyp
0 h 5.70±0.06 460.10±5.60 5.40±0.05 510.10±4.40
48 h 1.04±0.01 5.83±0.07 3.30±0.70 6.30±0.092.5. Plasma intermediary metabolites
Samples of plasmawere deproteinizedwith 20% TCA andcentrifuged
at 4 °C at 10,000g for 3 min. Aliquots of supernatant were taken for
protein determination (Bradford, 1976) and concentration of glucose
(Dubois et al., 1956), pyruvate (Lu, 1939), lactate (Harrower and
Brown, 1972) and ammonia (Gentzkow and Masen, 1942). The data
were shown as μmol ml−1 plasma. All the analytical details were previ-
ously described by Sampaio et al. (2010).
2.6. Statistical analysis
The inﬂuence of factors and its interaction on response variables
were evaluated via two-way ANOVA for unbalance data, based on gen-
eral linear model (GLM) theory. For each variable, if interaction was
signiﬁcant (pb0.05), F tests for contrasts were applied to compare re-
sponses between levels within each factor. Also, t-tests were performed
to determine which particular factor combination was different from
control (pb0.05). Results are presented as mean responses and respec-
tive standard errors for each group (factor combination). All statistics
were performed with SAS/STAT software, Version 9.01, SAS System for
Windows.
3. Results and discussion
3.1. Aquatic parameters
The water quality parameters were kept constant and were within
the acceptable levels for ﬁsh culture (Boyd, 1990) and with the char-
acteristics of the water in the region where the experiments were
performed (Table 1). The water copper concentrations (μg L−1) in
the beginning and at the end of experimental period are presented
in Table 2. A possible explanation for the decrease in the dissolved
copper concentration at the end of the experimental period is the ab-
sorption of this ion by the ﬁsh and by the low residence time of CuSO4
in the water column (Button et al., 1977; Mastin and Rodgers, 2000).
In preliminary studies, the correlation between nominal and mea-
sured copper concentrations was r2=0.8955 (Sampaio, 2008). The
general health conditions of ﬁsh were normal throughout the exper-
iments, no mortality was observed in any experimental group.
3.2. Effects of copper and hypercarbia, alone and in combination
3.2.1. Oxidative metabolism
In recent decades, ecotoxicological research has revealed links be-
tween reactive oxygen species production and environmental contami-
nation, suggesting that biomarkers of oxidative stress may be used in
environmental monitoring programs. Physiological biomarkers have
Table 3
The hydroperoxide (HP; nmol.g tissue−1), superoxide dismutase (SOD; USODmg protein−1), glutathione peroxidase (GSH-Px; nmolmg protein−1) and catalase (CAT; BUmg protein−1)
in the liver of pacu, Piaractus mesopotamicus, exposed to copper-free and normocarbia (C), 400 μg Cu2+ L−1 (Cu), hypercarbia (Hyp) and 400 μg Cu2+ L−1+Hyp (CuHyp) for 48 h. Values
are mean±SD.
C n Cu n Hyp n CuHyp n Cu x Hyp 1
HP (nmol g tissue−1) 353.69±23.88aA 6 396.37±27.68bA⁎ 9 381.09±24.57aB⁎ 8 370.69±18.90aA 8 p=0.005
SOD (USOD mg PT−1) 139.30±37.03 5 194.91±18.83⁎ 9 154.77±23.60 8 217.61±34.58⁎ 8 p=0.734
GSH-Px (nmol mg PT−1) 16.50±3.19 bB 7 13.67±2.29 aA⁎ 9 12.29±1.79 aA⁎ 7 18.51±1.47 bB 7 pb0.001
CAT (nmol mg PT−1) 1.678±0.19bB 4 1.177±0.13aA⁎ 8 1.034±0.14aA⁎ 7 1.516±0.13bB 8 pb0.001
Lower case letters show the difference between the groups with the same Hyp condition, at different copper levels.
Capital letters show the difference between the groups with the same copper levels, at different Hyp conditions.
⁎ Experimental groups differ from the control group (t test; pb0.05).
1 p Value for Hyp and copper interaction.
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numerous pollutants. However, such studies have typically focused on
single factors or chemical substances. Ferreira et al. (2008) and Sampaio
et al. (2008, 2010) recently analyzed the effects on some biomarkers in
ﬁsh exposed to combinations of factors such aswater quality andenviron-
mental contaminants.
Many pollutants are strong oxidants (Avci et al., 2005). Freshwa-
ter cyprinids from polluted areas showed signs of oxidative stress
when compared to ﬁsh from unpolluted areas (Gül et al., 2004). The
AD mechanisms against stressful conditions are well documented
and can be exempliﬁed as enzymes such as SOD, GSH-Px and CAT
(Nascimento et al., 2006). Pedrajas et al. (1995) argued that the in-
duction of CAT and GSH-Px after exposure to copper indicates that
this metal induces HP species in the liver. Recently, Sampaio et al.
(2008, 2010) investigated the effect of copper sulfate exposures on
the AD of P. mesopotamicus, including in combination with hypoxia
or acidic water. These authors showed that exposures to copper in as-
sociation with hypoxia or acid medium caused signiﬁcant increase in
hydroperoxide production in hepatic tissue.
Table 3 presents the results of the oxidative metabolism in the he-
patic tissue. A signiﬁcant interaction between copper and hypercarbia
was observed for the hepatic concentration of HP (p=0.005). Com-
pared to the control group, ﬁsh exposed to Cu and to Hyp increased
the hepatic HP concentration. However, ﬁsh exposed to CuHyp did
not change the hepatic HP concentration. The isolated effects of cop-
per sulfate and hypercarbia indicate that single exposure signiﬁcantly
increased the hepatic HP concentration. Nevertheless, in associated
exposure the hepatic HP did not differ from the control group. The ef-
fect of copper on hepatic SOD activity did not depend on the aquatic
CO2 level (p=0.734). Compared to the control group, hepatic SOD ac-
tivity increased in ﬁsh exposed to Cu and CuHyp. However, there was
no signiﬁcant difference in the response to copper exposure between
normocarbic and hypercarbic groups. Petochi et al. (2011) exposed
the sea bass, Dicentrarchus labrax, at different levels of hypercarbia
(PCO2=2.0, 13.9, 24.7 and 37.8 mm Hg) and for different periods
(8, 22 and 45 days) and concluded that CO2 treatment did not affect
the reactive oxygen metabolites and total antioxidant capacity. How-
ever, they suggested a transient increase that can be interpreted as a
consequence of an initial blood acidiﬁcation, which favors the releaseTable 4
The hydroperoxide (HP; nmol g tissue−1), superoxide dismutase (SOD; USOD mg protein
protein−1) of red muscle of pacu, Piaractus mesopotamicus, exposed to copper-free and no
(CuHyp) for 48 h. Values are mean±SD.
C n Cu n
HP (nmol g tissue−1) 275.57±17.41 7 240.59±7.69⁎ 9
SOD (USOD mg PT−1) 459.99±39.06 7 429.50±37.52 8
GSH-Px (nmol mg PT−1) 16.65±7.92 6 13.44±2.72 8
CAT (nmol mg PT−1) 0.237±0.09 7 0.144±0.02 ⁎ 9
⁎ Experimental groups differ from the control group (t test; pb0.05).
1 p Value for Hyp and copper interaction.of metal ions, increasing reactive metabolite formation. In the present
study, the hepatic SOD activity was responsive only to copper expo-
sure, characterizing that increases in hepatic SOD activity in response
to copper were independent of the aquatic CO2 concentration. Some
authors characterize the increase in SOD activity as an indicator of
polluted areas (Rodriguez-Ariza et al., 1991, 1992). When the effects
of copper in hypercarbic water were compared to ﬁsh from control
group, the hepatic SOD activity was intensiﬁed. These results showed
that hepatic SOD activity is very effective to comprehend the effect of
copper sulfate in ﬁsh, even in hypercarbic water.
The effect of copper on hepatic GSH-Px activity was dependent on
the water CO2 concentration, and differed between normocarbia and
hypercarbia (pb0.001). The groups exposed to Cu and Hyp presented
a decrease in the hepatic GSH-Px activity when compared to the con-
trol group. Conversely, exposure to CuHyp did not change hepatic
GSH-Px activity. The effect of copper on the hepatic CAT activity
depended on the water CO2 concentration (pb0.001). Hepatic CAT ac-
tivity decreased in response to copper in normocarbic water when
compared to the hypercarbic groups. Conversely, exposure to CuHyp
did not change hepatic CAT activity, indicating that the factors com-
bined do not affect the activity of this enzyme. The hepatic GSH-Px
and CAT induction in response to copper exposure in pacu depends
on the water CO2 level.
In red muscle, there were no signiﬁcant interactions between cop-
per and CO2 levels in relation to HP concentration (p=0.130) and
SOD (p=0.435), GSH-Px (p=0.628) and CAT (p=0.112) activity
(Table 4). These red muscle antioxidant defenses (AD) displayed the
same response pattern to copper exposure in both normocarbic and
hypercarbic situations. When compared to the control group, the
red muscle HP concentration was lower in the Cu, Hyp and CuHyp
groups. The responses in red muscle oxidative mechanisms were dif-
ferent from those in the liver. Although red muscle is a highly oxida-
tive tissue, copper and hypercarbia signiﬁcantly decreased the HP
concentration. The red muscle SOD activity was lower in the Hyp
and CuHyp groups, when compared to ﬁsh from the control group.
Red muscle SOD activity did not change in ﬁsh exposed to Cu. The ox-
idative red muscle typically exhibits higher AD activities (Mazeaud et
al., 1979). The group of pacu exposed to hypercarbia, whether alone
or with copper, had reduced SOD activity, which indicates a higher−1), glutathione peroxidase (GSH-Px; nmol mg protein−1) and catalase (CAT; BU mg
rmocarbia (C), 400 μg Cu2+ L−1 (Cu), hypercarbia (Hyp) and 400 μg Cu2+ L−1+Hyp
Hyp n CuHyp n Cu x Hyp 1
228.13±16.89⁎ 8 228.89±14.00⁎ 8 p=0.130
244.76±23.81⁎ 8 232.78±28.09⁎ 8 p=0.435
16.18±2.51 7 14.75±4.47 6 p=0.628
0.141±0.05 ⁎ 8 0.116±0.05⁎ 8 p=0.112
Table 5
The hydroperoxide (HP; nmol g tissue−1), superoxide dismutase (SOD; USOD mg protein−1), glutathione peroxidase (GSH-Px; nmol mg protein−1) and catalase (CAT; BU mg pro-
tein−1) in white muscle of pacu, Piaractus mesopotamicus, exposed to copper-free and normocarbia (C), 400 μg Cu2+ L−1 (Cu), hypercarbia (Hyp) and 400 μg Cu2+ L−1+Hyp
(CuHyp) for 48 h. Values are mean±SD.
C n Cu n Hyp n CuHyp n Cu x Hyp 1
HP (nmol g tissue−1) 100.34±4.31 7 190.27±12.10 ⁎ 8 217.85±19.65⁎ 6 186.18±14.58⁎ 8 p=0.550
SOD (USOD mg PT−1) 235.27±64.58 7 168.13±35.32 ⁎ 8 254.82±33.80 7 162.55±42.93⁎ 7 p=0.808
GSH-Px (nmol mg PT−1) 35.00±12.38 7 24.12±6.21⁎ 9 20.83±5.32⁎ 7 19.16±2.72⁎ 7 p=0.104
CAT (nmol mg PT−1) 0.066±0.03 Bb 6 0.033±0.01 aB⁎ 9 0.023±0.01 aA⁎ 8 0.015±0.01 aA⁎ 8 p=0.027
Lower case letters show the difference between the groups with the same Hyp condition, at different copper levels.
Capital letters show the difference between the groups with the same copper levels, at different Hyp conditions.
⁎ Experimental groups differ from the control group (t test; pb0.05).
1 p Value for Hyp and copper interaction.
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liver, SOD activity in red muscle was not responsive to water copper
concentration in hypercarbic conditions.
In relation to the control group, red muscle CAT activity was lower
in ﬁsh of the Cu, Hyp and CuHyp groups, respectively. The red muscle
GSH-Px activity was similar for ﬁsh exposed to both isolated and as-
sociated copper and CO2 conditions. In the red muscle the results in-
dicate that, among the peroxidases measured, red muscle CAT activity
was more sensitive to hypercarbia than GSH-Px. According to Moore
et al. (2008), CAT is more sensitive to oxidation due to the presence
of a heme group. The GSH-Px may have a greater role in the detoxiﬁ-
cation of lipoperoxides (Matés, 2000).
There was no signiﬁcant interaction between copper and CO2
levels on the white muscle HP concentration (p=0.550), or in SOD
(p=0.808) and GSH-Px activities (p=0.104) (Table 5). These white
muscle antioxidant defenses presented the same response pattern
to copper exposure in both normocarbic and hypercarbic conditions.
In contrast, a signiﬁcant interaction between copper and CO2 was ob-
served for CAT activity (p=0.027) in this tissue. The CAT activity follow-
ing copper exposure was dependent on the presence of hypercarbia.
When compared to the control group, the white muscle HP con-
centration was higher in the Cu, Hyp and CuHyp groups, respectively.
The white muscle SOD activity was lower in the Cu and CuHyp
groups, respectively, when compared to control group. White muscle
SOD activity decreased in ﬁsh exposed to 400 μg Cu L−1, whether
alone or in combination with hypercarbia. When compared to the
control group, the white muscle GSH-Px activity was lower in the
Cu, Hyp and CuHyp groups. In relation to the control group, the CAT
activity decreased in the Cu, Hyp and CuHyp groups, respectively.
The increase in HP concentration in white muscle can be correlated
with the low activities of the AD. White muscle is less oxidative
than other tissues and possibly has less effective AD mechanisms.
The white muscle AD demonstrated similar responses in pacu ex-
posed to copper in both normocarbia and hypercarbia. The low SOD
activity and the decrease in the GSH-Px and CAT activities suggest
that the AD mechanisms were not efﬁcient enough to avoid an oxida-
tive stress process in this tissue.
As found in red muscle, the white muscle CAT activity was more
sensitive to the stressors than GSH-Px was. This suggests that copper
and/or hypercarbia modify the relationship between these peroxi-
dases. Furthermore, the use of antioxidant enzymes and the HP con-
centration as biomarkers of copper exposure is contingent upon the
physical and chemical water conditions. The data also indicate that
copper exposure under hypercarbia is an oxidative stress for pacu.
3.2.2. Intermediary metabolites
Table 6 shows the values for plasma glucose, lactate, pyruvate,
ammonia and protein in ﬁsh exposed to copper and hypercarbia. Sig-
niﬁcant interactions between copper and hypercarbia were observed
in pacu plasma glucose (pb0.011) and lactate (pb0.001) concentra-
tion. In normocarbia, exposure to copper had no effect on plasma glu-
cose concentration whereas exposure to Hyp caused a decrease whencompared to the control group. Conversely, the same copper concentra-
tion in hypercarbia conditions increased plasma glucose concentration.
The effects of copper on plasma lactate concentration depended on the
water CO2 level. Lactate levels did not change in the Cu group, but they
decreased in the Hyp group and increased in the CuHyp group. The hy-
poglycemia and reduced lactate plasma concentration of ﬁsh exposed to
Hypwas abolishedwhen theywere exposed to CuHyp. Theﬁsh of group
CuHyp exhibited lactate plasma concentration signiﬁcantly higher than
those of control. Metabolic changes can be measured though different
indicators in plasma. According to Begum and Vijayaraghavan (1999)
an increase in plasma lactate can be an indicator of a metabolic disorder
and suggests respiratory stress in ﬁsh tissues. Some authors consider
plasma lactate concentration the more sensitive indicator of acute
stressors (Acerete et al., 2004).
There was no interaction between copper and CO2 levels for their
effects on plasma concentrations of pyruvate (p=0.884), ammonia
(p=0.097) and protein (p=0.072). These variables presented the
same response to copper exposure in both normocarbic and hypercarbic
water. Compared to the control, plasma ammonia concentrations were
lower in the Hyp and CuHyp groups. Plasma pyruvate and protein con-
centrations were similar in all groups.
Hypercarbic water is suggested as a stressor inducing increases in
plasma glucose and lactate concentrations. Petochi et al. (2011) ob-
served an increased glycemia in sea bass exposed to hypercarbia for
8 days of exposure and concluded that this occurred as a consequence
of stress. However, in the present study the exposure to hypercarbia
caused a signiﬁcant decrease in plasma glucose, lactate and ammonia
concentrations, while pyruvate and protein remained unchanged.
These results indicate that exposure to hypercarbic water caused
hypoglycemia without induction of anaerobic metabolism. Perry et
al. (1988) evaluated the interactive effects of catecholamine and hy-
percapnia on hepatic metabolism of rainbow trout (Oncorhynchus
mykiss). These authors observed a rapid depletion on liver glycogen
and concomitant hyperglycemia when ﬁshes were exposed to hyper-
capnia. According to Devlin (1997), a decrease in the glycolytic me-
tabolism is related to metabolic acidosis prevention as glycolysis is
the main H+ source in the organism.
3.2.3. Branchial metallothionein concentration and Na+/K+-ATPase
activity
The branchial metallothionein concentration and NKA activity of
ﬁsh exposed to copper and hypercarbia are shown in Figs. 1 and 2, re-
spectively. There was no signiﬁcant interaction between copper and
CO2 for their effects on branchial metallothionein (MT) concentration
(pb0.230). Fish exposed to Cu andCuHyp had higher branchial MT con-
centrations, by comparison to the other groups. Thus, the increased
branchialMTwas exclusively in response towater copper levels. The ac-
tion of metallothionein in gill tissues of aquatic organisms has been de-
scribed and characterized by many authors (Mouneyrac et al., 1998).
Canli et al. (1997) highlighted these proteins as potential indicators of
cellular stress and sublethal heavy metal exposure. Considered as the
ﬁrst defense system against metal exposure (Bragigand and Berthet,
Table 6
Plasma concentrations of glucose (μmol mL−1), lactate (μmol mL−1), pyruvate (μmol mL−1), ammonia (μmol mL−1) and protein (mg mL−1) of pacu, Piaractus mesopotamicus,
exposed to copper-free and normocarbia (C), 400 μg Cu2+ L−1 (Cu), hypercarbia (Hyp) and 400 μg Cu2+ L−1+Hyp (CuHyp) for 48 h. Values are mean±SD.
C n Cu n Hyp n CuHyp n Cu x Hyp 1
Glucose (μmol mL−1) 1.23±0.04 aB 5 1.17±0.33aA 7 0.83±0.21aA⁎ 8 1.34±0.27 bA 5 p=0.011
Lactate (μmol mL−1) 1.28±0.10aB 5 1.27±0.44aA 7 0.87±0.30aA⁎ 8 1.99±0.37bB⁎ 5 pb0.001
Pyruvate (μmol mL−1) 0.130±0.01 5 0.140±0.03 7 0.107±0.02 8 0.114±0.04 5 p=0.884
Ammonia (μmol mL−1) 0.230±0.01 5 0.214±0.04 7 0.146±0.03⁎ 8 0.182±0.05⁎ 5 p=0.097
Protein (mg mL−1) 9.09±0.32 5 9.02±1.74 6 8.37±0.74 8 9.47±0.56 5 p=0.072
Lower case letters show the difference between the groups with the same Hyp condition, at different copper levels.
Capital letters show the difference between the groups with the same copper levels, at different Hyp conditions.
⁎ Experimental groups differ from the control group (t test; pb0.05).
1 p Value for Hyp and copper interaction.
183F.G. Sampaio et al. / Comparative Biochemistry and Physiology, Part C 156 (2012) 178–1862003), cellular MT concentrations are generally very low but increase
considerably during copper exposure (Roesijadi, 1994). In the present
study, the branchial MTs were responsive to aquatic copper, which cor-
roborates the ﬁndings of Dang (2000) and Ryu et al. (2003).
Someother factors not related tometal contamination can also induce
the synthesis ofMT. Variables such as temperatures (Seraﬁmet al., 2002),
pH (Carvalho et al., 2004), salinity (Leung et al., 2002), organism size
(Leung and Furness, 2001), capture stress, harvest and transport, salinity
and reproductive stage (Baer and Thomas, 1990), variation in dissolved
oxygen concentration and freezing (English and Storey, 2003) and the
presence of antibiotics or herbicides (Mosleh et al., 2004) are the main
mechanisms inducing increases in the MT concentration in ﬁsh. Howev-
er, the level of induction in these parameters is usually lower than that
caused by metals (Kägi, 1993), therefore the utilization of MT as a bio-
marker depends on the environmental conditions, not only on the
concentration of metals (Amiard et al., 2006). Although the MTs are con-
sidered as general biomarkers of pollution, the results of the present
study indicate that they are not sensitive to hypercarbia. Sampaio et al.
(2008, 2010) found that branchial MT also presented a speciﬁc response
to increased copper, irrespective of dissolved O2 and pH.
There was no signiﬁcant interaction between copper and CO2 for
branchial NKA (pb0.875). Regardless of the water CO2, exposure to
copper decreased branchial NKA activity in the Cu. Conversely, the
groups Hyp and CuHyp maintained the branchial NKA at control
levels. Coppermay cause a decrease in the plasma Na+ and Cl− concen-
tration due to a disruption in the branchial ionic regulation system
(Nussey et al., 1995; Pelgrom et al., 1995). Under low copper concentra-
tions, the ion uptake canbe suppressed by the inhibition of NKA (Li et al.,
1998). In the present study, the inhibition of NKA activity in pacuM
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Fig. 1. Metallothionein (MT g−1 tissue) of pacu, Piaractus mesopotamicus, exposed to
copper-free and normocarbia (C), 400 μg Cu2+ L−1 (Cu), hypercarbia (Hyp) and
400 μg Cu2+ L−1+Hyp (CuHyp) for 48 h. Values are mean±SD. *Experimental groups
differ from the control group (t test; pb0.05). p Value for Hyp and copper interaction.exposed to copper may be linked to the metal's capacity to bind to the
active site of the enzyme (Grosell et al., 2002). The results also indicate
that the inhibition of NKA by copper occurred only when copper was
added in normocarbic water. Baker et al. (2009) suggested that the
ability of the white sturgeon, Acipenser transmontanus, to tolerate
hypercarbic exposures is due to the increase of the branchial NKA,
which contributed to maintaining whole animal pH homeostasis. In
pacu, the increased NKA activity in hypercarbic water, without copper,
may have had a similar role.
3.2.4. Hematological variables and plasma copper concentrations [Cup]
Due to the close association between the ﬁsh circulatory system
and the external environment, water quality is an important factor
responsible for variations in hematological variables (Cassillas and
Smith, 1977). In recent decades, hematological variables have been
used in clinical diagnosis of ﬁsh health, helping to assess the effects
of xenobiotics and toxic substances (Wendelaar Bonga, 1997). Hema-
tological parameters are considered indicators of stress (Sancho et al.,
2000) and exposure to toxic substances as metals (Wepener et al.,
1992). Thus, hematology might be considered a key indicator of overall
health in ﬁshes (Nussey et al., 1995), and variations in hematological
proﬁle indicate disturbances in physiological processes (Ranzani-Paiva
et al., 2000).
Table 7 presents the RBC, Hct, Hb, MCHC and MCV values in the
experimental groups. There was no interaction between copper and
CO2 for effects on RBC (p=0.503), Hct (pb0.796), Hb (p=0.964),
MCHC (pb0.807) or MCV (p=0.857). All of these variables showed
the same pattern and intensity of response to copper exposure in both
normocarbic and hypercarbic conditions. Compared to the controlN
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Fig. 2. Na+/K+-ATPase (μM Pi.mg prot−1. h−1) of pacu, Piaractus mesopotamicus, ex-
posed to copper-free and normocarbia (C), 400 μg Cu2+ L−1 (Cu), hypercarbia (Hyp)
and 400 μg Cu2+ L−1+Hyp (CuHyp) for 48 h. Values are mean±SD. *Experimental
groups differ from the control group (t test; pb0.05). p Value for Hyp and copper
interaction.
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Fig. 3. [Cup] (μg L−1) of pacu, Piaractus mesopotamicus, exposed to copper-free and
normocarbia (C), 400 μg Cu2+ L−1 (Cu), hypercarbia (Hyp) and 400 μg Cu2+ L−1+Hyp
(CuHyp) for 48 h. Values are mean±SD. * experimental groups differ from the control
group (t test; pb0.05). p Value for Hyp and copper interaction.
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Hctwashigher in the Cu group compared to the control. Also comparing
to the control group, the MCHC was higher in the Hyp and CuHyp
groups and the MCV decreased in Cu, Hyp and CuHyp groups. Nussey
et al. (1995) exposed tilapia mossambica, Oreochromis mossambicus,
to 0.40 mg L−1 copper, and found an increase in RBC levels, similar to
the current results on pacu, which may indicate that copper induced
erythropoiesis. Hypercarbia also had signiﬁcant effects on hematologi-
cal variables in the pacu, so it is perhaps not surprising that the associ-
ation of copper and hypercarbia stimulatedmechanisms involved in O2
uptake and transportmore than either factor alone. Petochi et al. (2011)
observed amodest transient increase in Hb and Hct of sea bass exposed
to acute hypercarbia. Gilmour (1998) classiﬁed these responses as a
quantitative strategy controlling blood gas transport and compensating
changes in blood O2 carrying capacity induced by hypercarbia. Ac-
cording to Perry et al. (1999), hypercarbia activates the autonomic
nervous systems, stimulating sympathetic pathways inducing spleen
contraction in ﬁsh. Stressed ﬁsh tend to deplete their splenic stores,
elevating their Hct (Gallaugher and Farell, 1998). A transient increase
of Hct is also attributed by different authors to the erythrocyte swelling,
as reported by Fivelstad (1999) and Fivelstad et al. (2003a) for Atlantic
salmon exposed to over 19 mg L−1 CO2 and juvenile yellowtail king-
ﬁsh, Seriola lalands, maintained at 50 mg L−1 CO2 (Moran et al.,
2008). Nevertheless, the transient increase in Hb and Hct could also
be caused by higher amount of RBC, primarily due to spleen contraction
(Yamamoto, 1987) activated by adrenergic response to carbon dioxide
(Gilmour, 1998) and also by an increase in erythropoietin synthesis
by the kidney (Lai et al., 2006). The hematological responses of pacu
exposed to copper in normocarbic or hypercarbic water indicate that
the presence of copper in the water induced an increase in Hb
concentration.
Fig. 3 presents the plasma copper concentrations [Cup], there was
no interaction between copper and dissolved CO2 (p=0.063), [Cup]
was higher in the Cu and CuHyp groups when compared to the con-
trol. This conﬁrms that exposure to copper increased [Cup], regardless
of water CO2 concentration. A considerable part of the copper diffused
across the gills is transported by plasma (Pelgrom et al., 1995), and
the current results clearly indicate that the pacu exposed to copper
had absorbed it across the gills and into the blood, and that this pro-
cess was not affected by hypercarbia. This shows that [Cup] is an im-
portant biomarker to monitor copper toxicity. Sampaio et al. (2010)
found that [Cup] of ﬁsh exposed to copper in acid medium was higher
than that presented by ﬁsh exposed to copper at neutral pH. Another
possibility is that low pH increases the Cu2+ species, increasing the bio-
availability of copper. Copper toxicity can result in branchial ionic regu-
lation impairments (Wood, 2001; Grosell et al., 2002). This metal affects
thegillmorphology inducing necrosis, hypertrophy, epitheliumenlarge-
ment and vacuolation (Beaumont et al., 2003). It also stimulates chloride
cell proliferation via cortisol (Wendelaar Bonga, 1997) and mucus
hypersecretion, which plays an important role in the detoxication pro-
cess (Handy et al., 2002). However, chloride cell proliferation reduces
the respiratory surface area and the mucus covering the secondary la-
mellae represents an important barrier to oxygen diffusion. As a result,
the gas exchange efﬁciency is seriously impaired. The results of theTable 7
The red blood cell (RBC; ×106 μL−1), hematocrit (Hct; %), hemoglobin (Hb; g dL−1), mean corp
pacu, Piaractusmesopotamicus, exposed to copper-free andnormocarbia (C), 400 μg Cu2+ L−1 (C
C n Cu n
RBC (×106 μL−1) 1.55±0.34 10 2.01±0.32 ⁎ 10
Hct (%) 33.60±2.76 10 38.10±8.71⁎ 10
Hb (g dL−1) 7.88±1.27 10 9.21±1.56⁎ 10
MCHC (%) 23.64±4.53 10 25.06±5.82 10
MCV (fL) 225.64±49.66 10 193.81±55.37⁎ 10
⁎ Experimental groups differ from the control group (t test; pb0.05).
1 p Value for Hyp and copper interaction.present study indicate that, if hypercarbia inﬂuenced ventilatory vari-
ables, this had no effect on copper uptake at the gills. The present results
suggest that the increased branchial MT concentration observed in ﬁsh
exposed to CuHyp could be a protective mechanism against the copper
exposure, avoiding the increase in [Cup]. As proposed by Mayer et al.
(2003) the MTs scavenge metals, maintaining low free concentration
and acting as a protective mechanism.
Understanding the effects of hypercarbia in ﬁsh is important for
the management of intensive aquaculture farms and for ﬁsh welfare.
The hypercarbic conditions, characteristic of many polluted and non-
polluted aquatic environments, may increase the contaminants toxic-
ity in ﬁsh. Since most toxicity tests were conducted in normocarbic
water, it is important to characterize the toxicity factors affecting en-
vironments with increased carbon dioxide. The present study shows
that pacu is able to cope well with the hypercarbic experimental
level. However, little is known on the tolerance of this species to
higher CO2 tensions and how more hypercarbic levels can affect its
welfare in aquaculture tanks. Our data points out that the association
of hypercarbia plus copper induced changes in several physiological
responses of pacu when compared to the responses to single condi-
tions. This study provides new information on copper-induced effects
associated with hypercarbic conditions in freshwater ﬁsh and is
addressed to comprehend the use of this compound.
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